
Pý-T`I .r -k P!-

~~AV

tA S~DA~iOUW TALO NAVA SHIP
flEEARi ND DEVELOMENT CENTER

49 CIRCULATION CONTROL APPL'EPF TO A

0HIGH SPEED HELICOPTER ROTOR

by DTIC
Uj ~~~Kenneth R. Reader T1598

Joseph B. Wilkerson'

ci4

0.
APPROVED FOR PUBLIC RELEASE-, DISTRIBUTION UNLiMITED

< Reprint from the 32nd Annual Nat. onal Forum of the

o American Helicopter Society, Washington, D.C.
__ May 1976

"U" AVIATION AND SURFACE EFFECTS DEPARTMENT
A~ RESEARCH AND DEVELOPMFNT REPORT

,*2,

- i- .~ , -ttw eport 77-0924

07



UNCLASSIFIED
SECUVRITY CLASSIFICATION OF THIS PAGE (U7,eqt Date Entered)

READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM

*IWRT•FOX NUM811R 2. GOVT ACCESSION NO. S. RECIPIENT'S CATALOG HUMRER

I)TNSRDC Report 77-0024 T D ." )Q QZ4 _,,__ _ __ _.4 " ,. TITLE (iad Aubtl,.) S. TYPE OF REPORT & PERIOD COVERED,

CIRCULATION CONTROL APPLIED TO A Interm Report
HIGH SPEED HELICOPTER ROTOR 6. PERFORMING OR". REPORT NUMmER

Aero Report 1235
7, AUTHOR(o) 6. CONTRACT OR GRANT NUMBERI(*)

Kenneth R. Reader and Joseph B. Wilkerson

9. PERFORMING ORGANIZATION NAME AND AOORESS 10. PROGRAM ELIMENT. PROJECT. TASK
AREA A WORK UNIT NUMBERSDavid W. Taylor Naval Ship Research Program Element 62241N

and Development Center Task Area WF41.421.201
Bethesda, Maryland 20084 Work Untit 1619-1I1

II. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Commander February 1977
Naval Air Systems Command (AIR-320D) 13. NUMBER OF PAGES

Washington, D.C. 20361 20
"14 MONITORING AGENCY NAME a AO1RESS(II differelt from Controllingll 0 *ce) IS. SECURITY CLASS. (of this report)

UNCLASSIFIED
1I5. DECL ASSI PiCATION/ DOWN GRADING

SCHEDULE

16. DISTRIBUTION STATEMENT (of tlhe Report)

APPROVED FOR PUBLIC RELEASE: DISTRIBUTION UNLIMITED

17. DISTRIBUTION STATEMENT (of the abstract entereodin Block 20, It dliferent from Report)

1 SUPPLEMENTARY NOTES

Presented at the 32nd Annual National Forum of the American Helicopter Society,
Washington, D.C., May 1976

I9. KEY WORDS (Continue on reverse aide it neceseary and identify by block number)

Circulation Control Rotor (CCR) Boundary Layer Control
Helicopter
Itigh-Spced Rotor

20 ABSTRACT (Continue on rever@e aIde It nceavesry and Identify by block number)

An advanced circulation control rotor concept identified as the Reverse Blowing-Circulation

Control Rotor (RB-CCR) is discussed from the standpoint of general requirements for high

"speed flight. This discussion centers on a rotor solidity ratio compromise between hover, " :

transition and cruise requirements. It is shown that the critical solidity requirement occurs in

(Continued on reverse side) 0

DD I jAN 73 1473 EDITION OF I NOV 65 IS OBSOLETE UNCLASSIFIED,., ~ ~~S/N 0102-014-6601.. .'.
"SrECURITY CLASSIFICATION OF THIS PAGE ("loen Data Ent•red)

- wY . . ".'" .. W. . . V " "



iIY UN-CLASIFIED0

I 1YCLASSiFIC AT ION OF THIS PAGEfWhefl D804 It"OWad)

(Block 20 continued)

~'transition where high lift capability is needed while maintaining rotor moment trim.0
-, An analytical and experim.,ntal investigation of the aerodynamic environment in the

transition flight regime (advance ratios of 0.5 to 1.4) indicates that large local
yawed flow angles do not severely affect the IfM augmientation and maximum lift
coefficient of circulation control airfoils.

A RB-CCR model was designed and tested at the David W. Taylor Naval Ship
Research and Development Center (DTNSRDC). This rotor is unique in its em-
ployment of a special circuldtion control airfoil which has a slot in the leading and
trailing edge. The results of several test programs verified the capability of the
rotor to perform efficiently in hover and at advance ratios uip to 4.0. The model
data also demonstrated that the rotor is capable of developing sufficient lift to
fly through the critical advance ratio of 0,7

D-TIC -

At E LECTE
1OCT 15 0943

t-ssou For

400

A vai2.8b1itty Codea

jAvail und/or

UNCLASSI F IED
$ErUPIITY CLASSIFICATION 0F THIS PAGE(ftSn Date Entoted)

w~RE W - w W ww w w S



TABLE OF CONTENTS

Page

ABSTRACT . .................. . . . . . . . . ...

NOTATION ................ ............................ . . . .

SUBSCRIPTS ........................... I .

SOLIDITY COMPROMISE . ..................... ......... 2 .

LIFTING SYSTEM EFFICIENCY AND PARASITE DRAG ...... .......... 3

RB-CCR MODEL .................... .......................... 4

ROTOR CONTROL REQUIREMENTS ............ .................. 5 5

HOVER ....................... .............................. 5

TRANSITION .................... ............................ 7
Aerodynamic Environment ..... ........... ...................... 7 7

AZIMUTHAL PRESSURE SIGNAL PROGRAMMING
EXPERIMENTS ................... ........................... 7

EFFECTS OF PRESSURE SIGNAL SCHEDULING ........ ............. 9

REDUCED TIP SPEED (SCALE) EFFECTS .......... ................ 9 9

COMPRESSOR POWER TRENDS IN TRANSITION .... ............ ... 10

RB-CCR THRUST CAPABILITY IN TRANSITION ........ ............. 10

CRUISE ................ .............................. .... 12 -.

SUMMARY .................... ............................. 13

REFERENCES .............. ........................... .... 13

LIST OF FIGURES

I - Effect of Simultaneous Leading and Trailing Edge
Blowing ................ ........................... 2

2 - Dual Blowing Concept for Transition Advance -
Ratios .. -...........................

iii

. ." . .• %

.-.-- .-_. - ,•,



Page

*3 - Thrust Generation Versus Speed .. ................ ............... 3

4 - Variation of Power Required with L/De and Flat
Plate Area. .... ................ ................ ........... 3

5 - RB-CCR Model Rotor Root and Tip Airfoil Profiles .. .. ............... 4

*6 - RB-CCR Model in 8 x 10-Foot Wind Tunnel. .. ........ ............. 4

7 - RB-CCR Transition Control Requirements. .. ........ ............... 5

*8 -RB-CCR Typical Control Signals....... ... . . .... .. .. .. .. .....

9 -Reverse Blowing Circulation Control Rotor
Hub. .. ........ ................ ................ ......... 6S

10 -Leading Edge Slot and Solidity Effects in
H-over .. ...... ................ ................ ........... 6

11 -RB-CCR Hover Performance .. ........ ................ ......... 6

1 '12 Aerodynamic Environment. .. ........ ................ ......... 7

* 13 -Swecp Angle Effects on a Circulation
Control Fixed Wing .. .............. ................ ......... 8

14 -Pressure Signal Programming in Transition. .. ........ ............... 8 .

15 - Lift Offset For Controls Fixed. .. ................ ............... 9

*16 -Tip Speed Effects in Transition .. ...... .............. ........... 10

17 -Power Trends in Transition .. .............. .................... 10

18 M Naximum Thrust Capability........ ...... . ....... .. .. .. . .....

19 -RB-CCR Model Characteristics in Transition
with No Blowing................. . . ..... .. . .. .. .. .. ...... 1

20 -Power Tradeoffs in Cruise. .. .............. .................... 1 2

*21 -Lift System Efficeincy in Cruise. ........ ................ ....... 12

*22 -Thrust Level For Autorotation in Cruise. .... ................ ..... 13

Table I -Model Rotor Geometry. .. ........ ................ ......... 4

iv



CIRCULATION CONTROL APPLIED TO

A HIGH SPEED HELICOPTER ROTOR

Kenneth R. Reader
Joseph B. Wilkermon

David W. Taylor Naval Ship
Research and Development Center

Bethesda, Maryland 20084

ABSTRACT A local sweep angle, deg
A rotor advance ratio, V./1R1

An advanced circulation control rotor concept identified as a rotor solidity ratio, a = NW/irR
the Reverse Blowing - Circulation Control Rotor (RB-CCR) is •' rotor azimuth angle, deg (measured ccw from rear)
discussed from the standpoiht of genleral requirements for high
speed flight. This discussion centers on a rotor solidity ratio SUBSCRIPTS
compromise between hover, transition and cruise requirements.
It is shown that the critical solidity requirement occurs in trans- B refers to blade
ition where high lift capability is needed while maintaining rotor c refers to compressor
moment trim. An analytical and experimental investigation of H refers to hub
the aerodynamic environmcnt in the transition flight regime j refers to jet
(advance ratios of 0.5 to 1.4) indi':ates that large local yawed T refers to total or tip
flow angles do not severly affect the lift augmentation and w refers to wing (fixed blade)
maximum lift coefficient of circulation control airfoils. 00 refers to free stream

A RB-CCR model was designed and tested at the David W. The application of Circulation Control (CC) airfoils to
Taylor Naval Ship Research and Development Center helicopters was predicted by both the ability to increase Cq at
(DTNSRDC). This rotor is unique in its employment of a a fixed angle of attack, and the ability to generate very high C.
special circulation control airfoil which has a slot in the leading without angle of attack stall. For typical angles of attack,
and trailing edge. The results of several test programs verified circulation control airfoils demonstrate an ability to continually
the capability of the rotor to perform efficiently in hover and increase section CR by blowing.

at advance ratios up to 4.0. The model data also demonstrated
that the rotor is capable of developing sufficient lift to fly The concept of a Circulation Control Rotor (CCR) has
through the critical advance ratio of 0.7. been well established by industry studies and extensive wind

tunnel evaluation at model scale. These results, and descriptions
NOTATION of the basic concept as applied to helicopters operating in the

conventional speed regime, are well documented and may be

c airfoil chord found in references I thru 6.
U mean blade chord
Ck lift coefficient In principle the concept involves a shaft-driven rotor with
Cm pitching moment coefficient, pitch/pnrR 3VT2  blades having circulation control airfoils. The CC airfoils
Cp power coefficient, P/prR2 VT3  employ a rounded trailing edge with a thin jet of air tangentially
CT thruEt coefficient, T/pirR2 VT2  ejected from a slot adjacent to this tCoanda) surface. Airfoil
C.£ rolling moment coefficient, roll/pirR 3 VT2  lift is proportional to the momentum flux of this jet of air so

Clu blowing coefficient, rh Vj/qc that cyclic control requirements are obtained by cyclic modula-
rq mass flow rate, lbs/sec tion of the amount of blown air. The CCR requires an air
N number of blades supply duct within each blade and a continuous supply of

p pressure, psig compressed air. A simple throttling mechanism is used in the
q freestream dynamic pressure, lbs/ft2  rotor head to provide control over both the cyclic and collective - - .

r blade radial station, ft components of blown air, thus providing the cyclic and collec-
R rotor radius, ft tive rotor control requirements. This process eliminates the 5
Vj jet velocity, ft/sec need for blade cyclic pitch changes and may eliminate the
VT rotor tip velocity, ft/sec collective pitch also. The rotor head is therefore free of
X non-dimensional radial station, r/R numerous dynamic control system components thus greatly
;• rotor shaft angle, deg simplifying the mechanisms while presenting a cleaner profile
oc blade collection pitch angle, deg from drag considerations. The subject of this paper is the

extension of the above concept to a high speed, high advance
ratio rotor system. Such a rotor concept has potential both as 0

Presented at the 32nd Annual National Forum of the American a reduced rpm, thrust compounded helicopter with speeds
Helicopter Society (AHS), May 1976. approaching 400 knots and as a stoppable rotor with speeds -
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approaching Mach 1.0 (reference 7).

As helicopter rotors approach higher speeds the problem of4.
*retreating blade stall is encountered due to the strongly reduced r

dynamic pressure and the relatively low maximum lift coeffi- .
cient on classical airfoils. Because of this fundamental limit&- 3.

•tion, conventional rotors exhibit strongly reduced thrust LIFT A F

capability (while maintaining trim conditions) as the advance COIFFICIENT, .4
ratio increases. Although several "fixes" to this problem have CL .0 S

been forwarded tiucli as increased solidity ratio, auxiliary wings, 2 #4 TRAILING EDGE SLOWING
contra-rotating rotors) the fact remains that such solutions V
result in increased weight, complexity and dynamical problems.
The RB-CCR concept ofiers a radical departure from this 1.0 LEADING AND TRAILING EDGE.
dilemma. The Reverse Blowing - Circulation Control Rotor SLOWING
(RB-CCR) is a high speed variant of the CCR concept. it is so V.C~
named because it makes use of double ended CC airfoils with
both trailing edge and leading edge blowing. By simultaneous 040 C.1 0.2 0.3 0.4
blowing from both slots on the retreating side of the disc, the TRAI LING 6DGE MOMENTUM COEFFICIENT, CPT
airfoil is then capable of developing high positive C2 with the
relative velocity coming from either direction (reverse or normal Figure I - Effect of Simultaneous Leading
flow), aid Trailing Edge Blowing

Two-dimensional airfoil experiments have shown it is
possible to deveop large lift coefficients by blowing from the DUAL PLIENUM AIRFOIL SECTION HELD DIRECTION
appropriate individual slot or from both slots simultaneously. AIR AIR
Typical two-dimensional data for this unique airfoil are shown ROTOR
in Figure I and are reported in detail in reference 8. Although DI,,RECTION
some Co reduction is evident with dual blowing, the high C,
capability still dominates. The advancing blade retains only REVER
"trailing edge blowing because the relative velocity there is always SLOWING AIR "
in the conventional direction. This mode of operation, shown JET
in Figure 2, allows the RB-CCR to maintain relatively high rotor
thrust arid trim capability in the transitional range
(0.5 < R 1.4) where the retreating blade sees mixed flow
conditions. Figure 2 - Dual Blowing Concept

for Transition Advance Ratios
"The operational regimes of a high speed rotor may be

broken into three parts: conventional (,u < 0.5), transitionai
(0.5 < p u 1.4), and cruise (M > 1.4). In the conventional The basis for this sequence of conditions was fist reported in
regime the RB-CCR uses only trailing edge blowing with normal reference 9 and has been retained pending analysis of more
one per revolution h IP) cyclic control. When the transition definitive model rotor data.

.7 aispeed regime is reached, dual blowing is employed on the
retreating blade arnd a two per revolution (2P) cosine control SOLIDITY COMPROMISE
signA~ ib added to provide additional lift on the fore and aft
positionn of the rotor disc. As speed is increased in transition The most significant single factor affecting performance of
the advancing blade tip Mach number approaches 0.9 and a high speed lifting rotor concept is the design compromise in
requires rotor rpm reduction to prevent drag divergence and to solidity to bring about satisfactory lift and controlability in
"allow further speed increases. At approximately 250 knots transition without over penalizing the cruise speed and efficiency.
lm = 0.7) the rpm is reduced to 50-percent normal, while Near the 0.7 advance ratio condition the blade loading capability
holding forward speed constant. This results in operation at on the retreating side becomes a minimum, thereby reducing the

m = 1.4 and completes transition. From this point the rotor is rotor thrust which can be developed while maintaining roll trim
considered to be in a cruise mode and may accelerate up to full conditions. Since blade loading is the key to this problem, one
forward speed. The cruise mode is characterized by the retreat- solution would be to increase the blade area, or solidity ratio.
ing blade being in a fully reversed flow field. Thus the blade At cruise conditions (advance ratios greater than IA,. the blade
"leading edge" is the aerodynamic trailing edge and only the loading capability is quite good. Here, increased solidity would
leading edge blowing is used on the retreating side of the disc in force the airfoils to work at C. conditions far below the opti-
cruise. Trailing edge blowing is still used on the advancing mu, while adding considerable skin friction drag due to the
blade, resulting in an alternating blowing scheme: trailing edge increased area. Consequently a solidity compromise allows neither
for 0' < < 180', leadinf edge for 180' < < 360*. transition nor cruise conditions to be effectively designed to.

---- - -- -- - - - --* -- - - -- -. - -, -- - - S



'lle RB-('C R system mulst have. a solidity co mlpro mnise too, .
but to a nmuch lesser extent tha0i concepts using coiventioiial ,I •_\ALTITUDE -10,0OOFT GROSSWEiGHT -20,000 LOS

airfoils. It uses •he higher section ('C obtainable from circulation EQUIVALENT FLAT PLATE AREA
control airfoils to boost blade loading capability during transi- • 0.8 . - - 1780 FT PRESENT "CLEAN' -[] ,L' | \\ •HELICOPTER
tion, This allows a higher ('T/o in transition without tilhe I - 10.2 SQ FT R-CCR - ESTIMATED

p tP"alizing effects of higher solidity in cruise. The RB-CC('R 0\ - Vo.KNOTS -.
model thrust capability is shown ill Figure 3 for tile transition 400

speed range using dual blowing on thle retreating blade and both 0.4 - :1415
a IIP and a A2l cyclic control input, This thrust generating
ability far exceeds that of other systems for equal solidity - - 400
(directly related to blade weight) and at a zero shaft angle. 0.2 - . - 250

Somewhat higher values are expe,'ted with operation at positive I I
shaft inclinations. 0 0 2 4 6 U 10 12 14 IS 16 0

LIFTING SYSTEM EFFICIENCY, tL/DS)ROTOR

Figure 4 - Variation of Power Required
2.56 I I I I *' with L/D. and Flat Plate Area

RB-CCR MODEL ROTOR
SSHAFT ANGLE - 0 DEGREES

I 2.0 - "Ig" ROTOR LIFT Figure 4 for example shows that the vehicle total horsepower to
gross weight requirement in cruise is mnuch more sensitive to 'iMODEL 40 percent reduction in flat plate area than it is to an inmprove-

/ TRIM
1.5 RANGE ment of even 100 percent in lifting system efficiency. The flat
1.5 plate area of f = 17 sq. ft. for a vehicle of GW - 20,000 lbs.

ZWi- would be considered quite clean by present standards of heli-
- I-TRANSITION"I 2 RUISE-'-4 copter drag levels, but that is almost three times the drag of au.L 1.0 - "'

,- fixed wing aircraft for the same gross weight. It may he con-
8 cluded from this, and indeed was concluded by the 1975 AItS

"Ad IHoc Committee on Rotorcraft Parasite Drag, that consider-

• *" . RANGE able improvements can and should be made and that a 40-

100% RPM .percent drag reduction is not unreasonable for conventional
'l l1111'- rotor system. The RB-CCR design lends itself to extremely low

0 .5 1.0 1.5 2.0 2.5 3.0 drag hub designs, and should produce at least this much reduc- .

ADVANCE RATIO, p tion in total drag. Reference 10 presents large scale data of 0
such a "clean" design.

Figure 3 - Thrust Generation Versus Speed

As previously mentioned, a proper balance must be struck
between the power requirements (efficiency) for transition and

LIFTING SYSTEM EFFICIENCY AND PARASITE DRAG those for cruise. By far the majority of power required in
cruise is demanded from the auxiliary propulsion to overcome

The overall efficiency tradeoff must be considered across vellicle parasite drag (which includes huh drags). Transitional 5
tile rainge of advance ratio. Model rotor data have established power required, however, is shared between rotor power (shaft
the CT/O for best lifting system efficiency and have identified plus compressor for the RB-C('CR) and the auxiliary propulsion
a basic operational ('T/o range for tile condition of zero shaft power. An important question for a proper power balance is
angle. Figur,c 3 shows these variations in comparison to the "What lifting system efficiencies are required in transition and
intended ('T/ schedule for Ig operation. As rotor rpm is in cruise flight?". Referring hack to F-igure 4, it appears that
reduced tIme CT/a must increase to maintain I g loads: a 50- for cruise at 400 knots a lifting system L/De of 12 to 14 is
percent reduction in VT requiring a four fold increase in CT/a. most reasonable. If the total power in transition at 250 knots
It is desirable to operate as close as possible to the region of were no greater. then :i lifting system I./I, of about 2.(1 would
maximum efficiency. The selection of a design operating con- produoi.c a power balance. Certainly, it would appear that a
dition must t, weighted by the relative importance of eacht lifting system L/De of 3 to 4 in transition would be more than ' " ". '

speed regime and by considerations of power sharing between compatible with tile expected reduced drag levels for cruise. In'
rotor power and the auxiliary propulsive power. It should be corcept then, the requirements for rotary wing lifting system
noted however that this selection cannot be completed until efficiency are not really very demanding. The RB-('('R model
additional data are available over an appropriate range of rotor rotor has in fact demoistratcd these reqlUirenients for a zero
shaft angles. shaft angle setting. and future evaluation at positive shalt angle

settings promise additional improvements.

Thle lifting system L./D (beyond approximately 10.0) iii
Shigh speed cruise flight has been shown to be nluci less, inmpor-
tant thaini the vehicle equivalent blat plate drag area (reference 9.

. - - -..



RBI-CCR MODEL Slot positions were Ir konslirit percenitage of' chord over the
blade radius: x/c =0,032 leadiing edge and x/c =tl.9(18 trailing

Analytical Stuldies ot' thre Ri)-( (R conc~ept ha~ve establishedc edge. t ire Slot height to chord ratio was also constant hi/c
a basc i ne rot or design in terms of o pe rationiial C1 ,1o hIlade twist 0.002 for bothI loading arnd trailing edge slots. liacli slot was
and airfoil distributions oh' thickness and camber. Also inicluded Su~pplied air from a separate duct wiliin the blade so that blow-
in these studies were the efftects of' 21' content in the pnoumlatic rig from either the leading edge slot or the trailing edge slot
cy clic cConltrot signal. Thie result inrg H B-( ( R configuration was con Id be inide penrdeniitly coontrol led ( see F igure 5I. The mccliani-
designed anid in alIifact tred at I)T'N SRI )C as al ii M-in cl diamencter ism foir :oint rol inrg lie air supply was l oca ted i nsidte the mlodel
iou r-hl a ded rotor model to be evaluta ted in thle 8 x I 0- Foot lie ad arid wvill be exsp lainiiedt iii a suIbsC~~eq ieit Section.
North Subsonlic W;'rd Tunnel of' thre Aviation arid] Surface Effects
tDe pirttienlt IrTe airfoil sec tion s were %yimilet ric.al aboutn thre IThe blades were miiachi ned from' solid at u lintilnni alloy ill

miid chord With bohii a leading edge slot arnd a trailing edge slot, uipper arid lowker hialves by numerically controlled machines.
Thiic kness (list ri bution varied linearly froni 20t-perc-mnt at tlre hinternial d~ tic)eone try arid tire slot regultat inig posts were cu~t at
root to1 I 5-tierce it at t(lie tipý cambl er dlist ribuiitionii varied fromi the samre timle to insure equnal iriass anrd st iffrness d is) ribL ti t ins
5-perceent at tire root to zero at tlie tip. The iniboardt airf'oil was bet weeni the hIladeCs.
cliosen rilor its hiighr ( capability and exscellen) hilowling a ugme ri-
tation ratio ( high efficiency) It enables the retreatinrg blade to The physical characteristics ot the model are sumrmariied

* ~develop higher lift in tire low dynaimic pressure field of' reverse d inl Table I. Figtire 0 shows the RB-C(R in tire wind ttirine. It
tlow. Thre tipl airfoil was designed to rave good critical Macti srotild be noted that tile miodel solidity ratio is considerably larger
inuiber characteristics for advancing blade operation arnd to still than that which was desigiied or required for a full1 scale RB-CCR.

e xlib it eood aiigmie ntat ion cli aractcris tics for retreat inrg blade
ope ration. Thre root aiid tipl (VC airfoil pro files are slhrwni inr
Figiure 5. TABLE I

Model Rotoi Geomletry

-~ --. 0 INHESSLADE RB-CCR S

3.2 96.8 DIAMETER. FT 6.67

PRETPERCENT N UMBER OF BLADES 4

ICHORD. IN. 5
SOLIDITY RATIO 0.1592

GEOMETRIC TWIST, DEG. 0

TPSCINX-10AIRFOIL ROOT/TIP

THICKNESS RATIO, V/C 0.20/0. 15

CAMBER RATIO, 6/C 0.05/0.0
-~5.0 INCHES TRAILING EDGE RADIUS, 0.052/0.022

RYE/C

PRETPERCENT1 SLOT HEICHI RATIO, h/c 0.002/0.002

ROOT SECTION X =0.125

Figure 5 - RB-CUR Model Riitor Root
aind lip Airfoil Profiles

h~is wsork WAS conducted under thre spornsoishrip of tife Nasal
Air Systeris (Comrmanard. Ilire analytical studyv war, tiertorireut. Figuire 6 -RB-CU(R Moidel
airiong others, by Mr. L.0. Rogers at li~rINSHIK'. in S x I0-Foot Wind Tunnel I



Tlhe scaled chord fur the correct solidity would have resulted ill
a model chord of 2 8 inches and a slot height of' 0.0050 inches.
The requirement of two slots per blade (and two air Supply L
ducts per blade) 1made this small chord vory impractical from a
manufacturing point of' view. Therefore the chord was arbitra-
rily increased to 5 inches, allowing a slot height of 0.010 inches.
It was also realized that this Would increase loads and provide TRAILING EDGE
more accurate data at the reduced tip speeds corresponding to PNEUMATIC CONTROL
model operation at high advancc ratio. Basically this step gave IV_
thle model blades a lower aspect ratio than thle full scale design, ____

so that the miodel data at tfill scale ('Tie should be somewhat us(
pessimistic in both thrust ability and power reqluired. i

Thc RB-CCR mlodel data has established baseline charac- Cr 90 180 270 360
teristics for the high speed ('CR concept Iromn hover through LEADING EDGE RTRFO
transition and into cruise to advance ratios of 4.0. It was
necessary to run the model at tip) speeds below those intended
for full] scale at the higher advance ratio range. While this- did Figure 7 - RB-CCR Transition Control Requirements
not allow Maclh number scaling, the data are scaled for ('Tie
which accounts for thle reduced tip slpeed and incicased solidity.
The data presented in later sections are strictly model data, they__________________________________
have not been correctecd to full scale Macli niumber or full scale 0.8 I I
Reynolds number. All data points represent a folly trimmed 2P MODIFED, CAM~ #2

condition (shaft roll moment aid pitc liornent trimmed to zero x I-

otherwise noted. All of' thle data shown were taken at a shaft

by [1 scyclc chonrol at the thrusct levl('id inywudicated reunltess n

iticlination angle of zero degrees.

ROTOR CONTROL REQUIREMENTS 0,, /
Thei basic control concept was alluded to earlier iii the

paper. Tis discussion will center upon three distinct flight 0.2

reg-nies anrd te type of pneumatic control rre-th ired. Three r,
fligIt reglmes were defined: low advance ratio 10 < p < 0.5), 0
transitional advance ratio 10.5 < p e 1.4), anrd high advance 0 60 120 10 240 300 3-0
ratio (p > 1. ). In the low advance ratio range, only the trail- ROTOR AZIMUTH ANGLE,. .DE
ing edge duct was blown aid the pressure wave was basically a
"I P sine wave. In the transitional range, the trailing edge duct Figure 8 - RB-CCR Typical Control Signals

was blown from 0 to 360 degrees aiinuti aid the leading edge
duct from approximately 180 to 300 degrees (0 degree being at
the icar of the rotor disc). 1n tila dual-blowing region of tchr RB-'-R valving system is presented in reference 11. Figure 9
disc (retreating side) ihe pressure waves in both ducts was thr e shows the control system used or tie wind tunRil model.
sa:rns the addition of' a 2P pressure comipoent to the basic IP
has been shown to be beneficial for this portion of the flight HOVER
reginre (Figure 7). At high advance ratios. the trailing edge duct
was blown froM 0 to 180 degrees ain d the leading edge duet Basic hover performance ol tie RB-CUR was obitained over
from 180 to 360 degrees. TI pressure wave was basically a IdP a thrust range for different tip speeds, collective pitch angle,
sine wave in both ducts, with minimum blowing occurring with- number of blades and blade leading edge condition. Although
in 0 to 180 degrees aid maximum blowing within 180 to 360 the RB-CUR was designed for performance at an advance ratio
degiees. Typical pressure control signals that are produced by of 0.7, it proved to have good efficiency in the hover mode.
the cams of tle RB-CtiR model have various amounts of 2P The improved airfoil trailing edge design of this rotor demon-
(Figure 8). strated reduced compressibility effects relative to those reported

in reference 4. At high tip Mach number the rotor thrust
Ihe valving system of the RB-CUR azimuthially programs augmentation was not adversely affected and profile power

the airflow to the leading edge slot, to the trailing edge slo, or showed only a slight increase.
to both slots of a dual-slotted rotor blade. The system still
retains a cam-nozzle relationship (similar to those uised in The rotor was evaluated in hover as both a two-bladed and
previous 'CR models to pirovide the airflow hadrmonic cOrrtent a four-bladed rotor with eorre!,ponding solidities of 0.0790 and
necessary to coditrol the iotor. A detailcred discussion of' the .1592. It was anticipated that tlie leading edge slut could cau:e
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NUMBER LEADING EDGE TOTAL
OF SLADES SLOT e

2 COVFRED
O ,01e4 2 OPEN

--- 4 OPEN/

RB-CCR MODEL 0

COMPRESSOA

iAIFLOW 0 0.04 0.08 0.12 0.16 0.20

THRUST COEFFICIENT/SOLIDITY. C T/a

Figure 10 - Leading Edge Slot
DUAL SLOTTED SLADE and Solidity Effects in Hover

. • , ON ROTATING))

TASTOPLGNUMBER VT LEADING EDGE
IIOTATING) OF BLADES FIWS SLOT

I 2 500 COVERED

COLLECTOR NOZZLE HOUSING 0 2 500 OPEN
iROTATING) 0 4 460 OPEN

T 0.7 , 1 I 1
COLLECTOR NOZZLE

(NON ROTATING)

Figure 9 - Reverse Blowing Circulation 0.70 -
Control Rotor Hub

0o.65 -,
- power penalty, so the two-bladed configuration was evaluated .

with the leading edge slot both open and covered. Radial
covering was effected by taping over the slot, thus providing a : 0g -
smooth aerodynamic shape to local flow in that region cf the "
airfoil. An increase in total power was noted with the leadiuig
edge slot open. Figure 10 shows the power increase at the 0.46
lower thrust coefficients was due to an increase in shaft power
"and at the higher thrust coefficients was due to an increase in
compressor l)ower. [1his power increase, due to the open leading 0.50
edge slot, gave a corresponding reduction in hover Figure of 0.06 0.06 0.10 0.12 0.14 0.16 0.16
Merit relative to the covered configuration. The reduction in THRUST rOEFFICIENT/bOLIDITY, CT/0

hover Figure of Merit dictates that some means of concealing
the leading edge slot (when not in use) be incorporated into a Figure I I - RB-CCR Hover Performance
full scale rotor. One suggested means might be a flexible slot lip.

T'he four-bladed rotor was tested only with the leading edge to provide rotor shaft power. The highest ('T/o shown for the
Slot eXposed and shows perftormance equal to the exposed slot four-bladed rotor is at about the same disc loading as the high-
•tta from the two-bladed rotor; see Figure II. This agreement est CT/O shown for the two-bladed rotor. The two end points
in hover Figure of Merit with the leading edge slots open therefore represent abotut the same shaft torque requirement.
suggests that the four-bladed rotor would have a much improved

Figure of Merit with the slots covered (similar to the twoubl:ded Good Figure of Merit can be obtained over a large range of

performance with covered slots at the same CT/ol. Figure I I collective pitch angles. A cý'mparison of configurations at
also shows the tendency to maintain a level of hover efficiency various collective angles showed a steady performance improve-
over a broad ('T/o range, even for the constant collective pitch ment with increasing collective pitch angle tup to 0. ý 60).
setting shown. lhio is a basic characteristic of the RB-('CR Although operation with zero collective was indeed possible at
model and of prior C(R model rotors. The maximum thrust a Figure of Merit of about 0.50.
"t" 1tained for the four-bladed rotor does not represent aerodyna- V

mic limitations. It was toni' A by thle hydraulic power unit used

"6:il•• l
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"[lie peak Figure ot' Merit obitained iI thil test was 0.08 at At k' 180" tlie Inboard \as angles are seen to he quite

it ('T/O - 0. 1 14. Wheii considered in light ofl strong adverse large. hut the inigle of ,ita~ck is miiiderate anid demandit~tits are
imotdel scale Reynolds noinher eticcits, the losw aspect ratio per not lirge in coipiarisoli to CC airfoil clipaitilities. At ý 225"
hi ade of1 onlIy 8 .G and a si n p I squiared fill shtape thel results are thie re l~iltie d naiitnc presso re has diro pped connsicdera hiý he i g
basically conservative. Furthiermore thew rotor is untwisted with /cro at R ' = 0(.5) ind yaw angles have become timore secvre.
Constant Slot he~ight. It Would then appear that optimizatiotn of Tlie Section lingles ot attack approlachi -90l degrees at r/K o,5.
these paratmeters mlay potentially imcrease itaxitunu Figure of' At othici raimial statlions tine CQ requirement has increased to 2.M
Merit beyonni those of' todays bc'i rotnirs. and at inig~ier ('T/O or 3.1). While t1his IS within1 tile calpability of (C airfoils, it

design valoues. nit lnialls require a higher C. ito overconne tlie large nlegative

ajigiCS aiid tihe Cltects 01 eXtreme) yaw angles. Foimilly Atý
TRANSITION 270 thne relainsev dynnannic pressure reaches a mnintinhntin, Moire

ioiptrt,miity. tine dN n~iaic pressure is quite small over the outet
Aerodynamic Environment 50-penCLCItt ot tine hIadeC. I hIs[ coup~led With siginificant llegative

angles YI attack over tine outer 41)-percent of' the blade, severely
I he reduced thrust capahiiity )It a rotor system at p 0.7 reduIc file Ab'intY (It Ilii blade to generate hub momenlC~tS e'Ven

is in f'act dite to more thiin simply tlie reduced dynamic pressure IILthogh It Call Still catrry\ aII appreciable inboard lil't,
onl thle retreating blade. -Iwo oilier famcto,,, also play anl itnpor-
tautl role on tile retreatinig side of the disc: angle of' attack and As ain liver siimplificationi, one may argue that (lie blade
flow yaw angle. Figure I12 Indicates their variationi with blade center of lift is at the 75-percent radius, [lien retreating blade
rad ius for thiiree a/innuthl posittions. IThe conidit ioniis are ze ro lilft aniid imomntct gente ration would go to miniinimuint valutcs as
.,.halIt antgle and 0.7 advance rat io, UnIiiiforti inf(low is asso toed, loc~al (I allpproachied ze ro at tiiat rad iuIs. Tinis condition occu~rs at
The vaiiation of dynamick pressure, aingle of attack, and yaw p= ((.75 torit aiero shait iangle. which agrees qutitle well with thie
anigle applies to any rotor systern In this flight coilditiomi, as it advance iattn (or mi~niiiiniu thrust f-or both itiodel data and

0 simp~ly describes the relative magnitude and orientation of' the predicted values.

resultant velocity vector to (lie blade element. Also shown is
lie radial sara tion of (k f or e achI aZIFLth i pi ttrosi tion as culrreniitly So mie Inifoirmatillni hiais beeni ohbtainted on the effects of' yaw

predicted (litftle RBh-((H iii trintined flighit. angle oil (CC airfoil tlerfllrinaiice. The data were taken f'romi i
(tall winig liver a ranige of' sweep angles. While the data do riot

r epresetit 2-1) yawed flo1w. the characteristic wing performance
titlist reflect the effects of' yawed flow onl the airfoil sections.

Consequentlily. (lie data arc considered to be at least represeitta-
T 11 t8 2 7 ive tnt yaiw effets. Figuire 1.3 sholws (lie wing data (or different

~-18 ~ -25 ~ .27OSweep ainigis .icriss at Cp range, as reduced relative to the
ccREVERSE F LOW cltordwisc direction (lift and nilitietituin fluix are nornrtli/eld by

>REGION time area timies the dyilnaitti pressutre perpendicuilar to thle lliade

xspanr aixisi. It call be tnoted (that the -'lilt augmineittationt'
(1- A( ,I.'A'p w) 1% issseltitialy Unlalfected by yaw angle uni i

201 A > 45". Sititllirly (lie niaximtinii wing CL[ capability is itot
-2 I0 adversely aft~ýteced, vesel to extreime yaw atigles. Although file

> data Lire tnot strictly twou-dimencisionatl, it suggests ai very mild

;iii ie c eIiC of yaw angle toi citheir auginen tat ton oir iiia xiini u i

xx ~ift lot imoderamte yaw amngles.
0

~,__ AZIMUTHAL PRESSURE SIGNAL
m~I~ PROGRAMMING EXPERIMENTS0

A large po rtiont of' the wind tunnel evatlua tioin was diedi catted
to expertimenitally determnining ways to reduce thle com1presisor
power inI tile transition flight regimne. Notwithstaniding fite strong

-, St ~Reynolds effects discussed later it was felt that azitnutttta Niowv-
Ing sceticnes might be optimized to mimriinize the compressor
requiremnent. 'The aziniutti blowing schemes were set up by

Ill physically blockinig the collector nozzle so that the blades onlly
o 2s So .s 1i.0 r'ceivedj air over a choseni range of' azimuth. Small regiontal

changes of dual blowitig ol blite retreating side of the rotor

DIMENSIONLESS RADIUS. OR showed til detrimental effect onl the rotor efficiency. However
when the trailitig edge slot is restricted from blowing over anl

tFivilre 12 Aerodynamic Environment azimnutti range of' I5 to ISOJ degrees there is a moderate increase
(a 0. jus 0.7, ILI For CT ;O 0.10, a For 0, -4.0'01 in comipressor power,
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OWING JET MOMENTUM COEFFICIENT, C1, Figure 14 - Pressure Signal Programming in Transition

*COEPICIENT8 REDUCED RELATIVE TO THE CWORDWISE
COMPONENT OF FREESTREAM VELOCITY

configuration. Analysis of the rotor data indicated that the
Figure 13 - Sweep Angle Effects on a reduced pressure was due to improved blowing augmentation with

Circulation Control Fixed Wing a subsequent improvement of approximately 50-percent in corn-
pressor power. A 50-percent reduction in shaft power was also
observed. A full analysis of the rotor is not complete; the above

Radial covering of the slots was also studied by spanwise observations are presented to show the potential gain that are
taping over selected portion-, of the slots. The blades were radially available from this ,)ncept.
taped, as determined by tlie reverse flow circle on the retrearing%
side of the rotor, to take advantage of mninimizing the mass flow The azimuthal programming requirement to most efficiently
and the leading edge slot effects. While the spanwise variation .n control the rotor was investigated by varying the rotor azimuthal
blowving was primarily to minimize blowing on the retreating side blowing schedule and also varying the region of the rotor over
of the rotor (where blowing is a maximum) it also restricted a which dual blowing, single blowin~g and no blowing was available.
lirge portion of the trailing edge slot on the advancing side of the The various programming schemes are presented as an insert in
rotor (where blowing is j minimum). To realize the maximum Figure 15. The state variables which were fixed throughout the0
cf'fect only the leading edge slot as determined by the local flow programming schemes are: cam configuration; VT = 100 fps:

*direction should be covered. The reverse flow .iicle for advance ec = 0*: p = 0.7; and ci, = 00. The data were obtained by setting
* ratio% of 0.5 and 0.7 were used to determine the portion of the th-- tunnel conditions; then recording data at zero blowing and

leading and trailing edge slots to be covered. For the advance ratio for increasing amounts of blowiiig while the controls were fixed
of 0.5 (0.7) tile tr~iling edge slots of all the blades were covered for maximum roll control (100-percent cam and maximum blade
for the inboard 50 (70f-,'ercerit and the leading edge slot of all pressure at ý = 2700). Attempts were then made to trim the
the blades were covered for Oic outboard 50 (30)-percent. (The rotor model in pitch and roll moment for some thrust level.
numbers in parenthesis arc tor an advance ratio of 0.7). While With no blowing on the advancing side of the rotor and a zero
both o( these configurations show reductions in compressor collective pitch angle, the trimmed thrust capability is very
power, the advance ratio of 0.5 configuration showed a significant restricted and requires a delicate balance between the amount of
improvement over the advance ratio of 0.7 configuration and will thrust generated and the distribution of this thrust. When there
be discussed below (Figure 14). For the advance ratio of 0.5 is no blowing on the advancing side of the rotor and the control
configuration it was noted that the rotor required only half as pressure signal distribution is fixed, th: rotor will trim at only it
much blade pressure at, CT/o of 0.04 as for the uncovered one thrust level for each collective pitch angle.



101 9011 \ essentially removed all the blowing from the aft region
O _ DUAL BLOWING 0 (' < 4, < 450) of the rotor, It is concluded that the rotor can

pr develop substantial amounts of lift on the fore and aft portions
of thle disc.

301 ~ SINGLE BLOWING 10
EFFECTS OF PRESSURE SIGNAL SCHEDULING

0.45
F49-CCR MODEL Thle RB-CCR wind tunnel evaluation demonstrated the

0. 0, ability of the rotor to fly 'through transition at relatively high

-0.7 CT/o ratios. A fully trimmed CT/O of 0.24 was achieved at the
-. 0.30 VT-o critical advance ratio of 0.7; a CT/O of 0.62 was generated at an

* * advaiic,- ratio of 1.4, Neither limit was aerodynamic in nature
U. but were produced by model blade pressure restrictions, cans

shape limits, or balance frame vibrations.

Thle compressot power of the rotor can be reduced by
* lowering the pressure required to achieve a given thrust level.

~FWD Near minimum compressor power the rotor performance is
W 0 especially sensitive to blade collective pitch, Historically, CC

MOMEN Rotors have been limited in rotor thrust levels not by CR capa-

LIFT OFFSET -RADIUS X LIFT bility, but by trim requirements, The disparity in velocities and
I_________ I_____________ angles of attack of the advancing blade and retreating blade are

0.4 0.3 0l.2 0.1 0 V. the prime cause for trim problems. However, proper scheduling
0LATERAL LieT OFFSET. OIR of the blowing can accommodate these differences. The amount

of blowing occurring at any point on tlse disc on the wind
Figure 15 - Lift Offset For Conwrols Fixed tunnel model is controlled by the shape of tlse particular control

cam. Therefore, tlse rotor trim capability can be improved by
judiciously designing the control cam to provide more appropri-

The non-dlimensional lift center of pressure for the various con- ate pressure waves to the rotor blades with the model. (in a full
figurations with the controls fixed is presented in Figure 15. scale rotor the fixed cam is replaced by a fully variable control
(For clarification, the configuration number will be referenced valve to give an arbitrary signal).
in parenthsesis). When only trailing udge blowing was used on
the retreating side of the rolor and no blowing was used on the 'The model rotor control requirements vary with rotor
advancing side ((Configuration 9)01 thle rotor was untrimmable thrust levels. Low CT/o's or low hub pressures require pitch
in both roll and pitch moment. D~ual blowing (simultaneous control input almost entirely. As thrust levels are increased by
blowing of both leading and trailing edge) over the same region blowing the inability of a fixed cam to restrict the amount of
showed that the rotor could be trimmed in both roll and pitchs air being blown on the advancing side of the disc results in roll
moment, verifying that dual blowing is required for trim at 0.7 control limits. Both of these control requirements become even
advance ratio (Configuration 7011). As blowing was increased more stringent whsen collective angle is increased. To improve
thle curve for Configuration 701 showed tlsat too much roll the understanding of the rotor system control scheduling and to
control was available with the phase angle of maximum blowing reduce compressor powers through transition, five cams which
at 270 degrees and that total trim could be obtained by rotating produce different pressure scheduling were evaluated. The cams
the position of maximum blowing into the fourth quadrant of produced significant increases in rotor moment capability while
the rotor and reducing the blade pressure. This is, in fact, what also reducing compressor power.
was required to fully trim the rotor for this configuration. The-
region of dual blowing was then reduced to a 60-degree wedge REDUCED TIP SPEED (SCALE) EFFECTS
extending fromn an aZimluth of' 240 to 300 degrees (Configura-
tion 10011). This configuration represents a blowing scheme tlsat The model rotor had to be tested at reduced tip speed for -

almost gives roll and pitch trin control a~tlough at a higher advance ratios greater thcn 0.5. The limiting factors in selecting
blade pressure lor the same thrust. The effectiveness of genera- a tip speed for the model rotor were natural frequency excita-
ting lift on the aft portion of thle disc (IS 15 4, ý 45 0) was tions, tunnel maximum speed and advance ratio. A practical
determined by extending the dual blowing region from 1.5 to 45 speed limit of the tunnel is 200 fps. The operational limits of
degrees on the aft portion of the disc (Configuration 801 ). For the model rotor were established by 1A x VT < 200 fps. The
this configuration the rotor could be pitch trimmed very easily rpm which corresponds to blade natutal frequency and multiples ..

but could not be roll trimmed. The effetiveness; of the rotor of this frequency had to be avoided to keep from exciting the -

to gererate lift in the 1 5' < ý, < 45' region is adequate to keep wind tunnel balance and to keep blade bending moments within
the rotor from being trimmed with the controls fixed for maxi- structural limits. The rotor was operated with selected control
mum roll control. To fully trim the rotor the cam had to be system configurations for the samne advance ratio but at different
rotated approximately 56 degrees into the third quadrant. This tip speeds, to determine the effect of tip speed on the model

9W

w - w or*..



performance. T'he largest effect of increasing tip speed is to RS.CCR MODEL VT ' 100 FPS

correspondingly increase the Reynolds number at which the e. -- 2 a, 00
blade sections are operating. (Due to reduced tip speed and 0. 0.2 1 0.2
imodel size there is approximately a factor of 20 between model 0.4
and full scale rotor Reynolds number), The tendency of the . TOTAL

model rotor to perform better at higher Reynolds number is COMPRESSOR

consistent with the type of two-dimensional Reynolds number 0.12 0.1

corrections that have been applied in correlating previous model
rotors to the rotor performance program. As discussed previous- -. "
ly the retreating side of the rotor is in a very low velocity and 0.08 0
Reynolds number region; the effects of increasing the tip speed • o.o-
are shown in Figure 16 for advance ratio of 0.7. / 0.08

0.04
T 'ý

"V0.12 I .

5 - -3 E 0 0 0.6 0.8 1.0 1.2 1.4

.j ADVANCE RATIO,/J
A-0.7

S08 - 0Figure 17 - Power Trends in Transition
VT Figure

LL.
W 03 100 fps COMPRESSOR POWER TRENDS IN TRANSITION
8 4A 250 fps
SDUAL The trends of the compressor power for the transition flight

0,04 -SBLOWING are presented in Figure 17 for the rotor alone. The data are for
SINGLE a tip speed of 100 fps. The trends of the data are of primary

•LOWING importance and not the absolute magnitude of the data (due to
w the Reynolds effects, discussed above). At the critical advance

0 ratio of 0,7, 80 to 90-percent of the power required is from the 0
0 0.04 0.08 0.12 compressor. In effect the rotor is nearing atutorotation (shaft

THRUST COE FF ICIENT/SOLIDITY, CT/a power approaching zero) at these conditions. Note that zero'' ,

shaft angle was the only condition studied. At lower and higher . . ....

Figure 16 - Tip Speed Effects in Transition advance ratios the compressor requirement rapidly diminishes - - -

(see section on cruise performance) so that the 0.7 condition
actually "sizes" the compressor installed. (In an actual aircraft

An increase in tip speed increases the blade p~rofile power the compressor power is extracted on the high rpm engine shaft -.

which reflects a very small increase in shaft power at an advance before the main transmission. This approach permits the desired
ratio of 0.5 and negligible effects at an advance ratio of 0.7. power sharing).
Dhe induced power will not be the same for both tip speeds.
The increase in performance is provided by much better CC RB-CCR THRUST CAPABILITY IN TRANSITION
augmentation which is manifeste~d in a substantial reduction in' ""

compressor power. The ratio of compressor power to total The major question to be answered by this model investi-
power shows that mudh less compressor power is required at the gation was "can the RB-CCR generate full lift thru transition?".
high tip speed. The ratio of compressor power to total poover Due to the complexity of the 0.7 advance ratio flow environ-
has shown a consistent reduction with increasing tip speed for ment the predi,.tion method (reference 7 and 9) required some
the data analyzed to date. unsubstantiated assumptions. The experimental answer is a

definite yes and substantiating data are present in Figure 18.
It is quite evident from these results that Reynolds number This figure presents the range of fully trimmed thrust condition

effects are very significant, While rotor parameter trends are established by the model rotor. The boundaries of the data are_-
probably represented reasonably well by the data, an attempt actually established by model limits and not fundamental aero-
to arbitrarily extrapolate to full scale without a thorough know- dynamic ones. The lower boundary is restricted by the mini-
ledge of the scaling laws would be very questionable. This is mum thrust at which the model can be trimmed and is . . -'"
particularly true with regard to profile and compressor power characterized by low blowing rates and minimum power. The •
due to their strong dependence on the boundary layer momen- upper boundary is restricted by particular limits placed on the
turn thickness, and hence Reynolds nimber. model rotor design. Examples of these limits are blade loads, "

blade internal pressure, balance-model vibrations and most 0
importantly rotor trim limits at high lift conditions.

10
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MODEL PRESSURE AND
0.36 VIBRATION LIMIT

0.32 PREDICTED FULL SCALE J"
SECOND HARMONIC CONTROL
AND REVERSE BLOWING

0.28 H/C 0.002 044

:024

- .0 0.0

, 0.16 <

-0.04
;.; ~0.12 I•

\ \EXPERIMENTAL
0.08 DATA RANGE .0.- ,

u 0.004

0.04 CONVENTIONAL " .SR3TOR • •.
(NASA TND.2B25) I I

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.002

ADVANCE RATIO, j

Figure 18 - Maximum Thrust Capability ' "

A full discussion of the trim limits of CC rotors is presented in
reference 4. The predicted thrust capability of a full scale design -0.002 I I
is also shown in Figure 18 from reference 9. The theoretical 0.012 .
transition range utilizes dual blowing on the retreating blade and .,,ODEL
both a IP and 2P cyclic control input. The RB-CCR model has -
by far exceeded the thrust capabilities that were predicted. , -.
Ultimately the aircraft concept would be comprc.sor power or ! 0.00

trim pressure limited but an aerodynamic thrust limit does not . .. -

appear to be a constraint. U.. 00

The effect of collective pitch angle on the unblown rotor " .2
will help explain the trim requirements and limitations in transi- 0 1.-

tion. Figure 19 presents the unblown characteristics of the
RB-CCR model. The untrimmed pitching and rolling moment 0
coefficient and the thrust coefficient for the transitional advance
:atios are presented as a function of blade collective pitch angle. 0
The nagnitude of the untrimmed moments indirectly indicate the
coro.ol power available from the RB-CCR concept. The -4 -4 -2 -1 0
'"ntrimmed thrust curves establish an absolute minimum CT/O COLLECTIVE PITCH ANGLE, So - DEGS.
that the rtor model can obtain. This is particularly true for
collectivw pitch angles which have zero or negative rolling mom Figure 19 - RB-CCR Model Characteristics .. .

morn.nts. Tre lower collective pitch angles (-2' to -4') provide in Transition with No Blowing

a much ,idti trim range but at a reduced rotor efficiency. The
"higher collective pitch angles (-.10 to +10) provide optimum
efficiencies bit have a very limited thrust range and need mu.;h
more flexibilitv 1h the control signal. One inference here is that
a full scale -ctor with in arbitrary pressure controller could
operate with a tixcd or tero collective pitch setting.

' %V11
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CRUISE 2.,
RI.CCR MODEL

"The third flight relgme for the rotor is cruise which covers , - a' 0.- 0e 0
advance ratios of 1.4 to 4.0. The upper limit on advance ratio 2.40 - V1 T S10 Fps

depends on the cruise velocity and how much the rotor can be ,, - 8.-0

slowed down (a dynamic/structural constraint), The cruise
velocity depends on the air,:rat't drag and the amount ot' auxil- . Z00

iary power that is installed in the aircraft. Preliminary assess- 0 3.0

ment of the cruise performance of the rotor was obtained, The 4.0

rotor model was evaluated in a cruise configuration for advance 1 -0 DUAL ILOWING N
ratios of I to 4. The purpose was to demonstrate the trim and ALTERNATELu SLOWING

thrust capabilities at high advance ratios and to ascertain the 0LOWIN

performance of tile rotor; however, only a limited amount of U. 1.20 - --
data were obtained. One of the configuration evaluated was the 4 ,
same as that required in transition (i.e., dual blowing on the ,0, 00
retreating side of thle rotor and single blowing on the advancing .80- JOY
side). The other configuration evaluated was alternate blowing "

between leading and trailing edge slots. The trailing edge slot op

was blown on the advancing side of the rotor (00 < • <; 180*) .40 - 41
and tile leading edge slot was blown oni the retreating side O'O,

(ISO0 < ý < 360o), The latter configuration is envisioned for 0

the RB.CCR concept. The I P cam was used to differentiate 0 0 I .
blowing between the retreating and advancing sides of the rotor -60 1.60 2.40 3.20 4.00 4.60

for both configurations. The cam was arbitrarily chosen and no THRUST COFICIUNT/SOLIDITY0 CTIa

attempt was made to optimize the cruise flight configurations.
The effect of collective pitch angle on rotor trim and perfor- Figure 20 - Power Tradeoffs in Cruise

mance was determined. Because of the tunnel speed limitation,
reduced tip speeds of 50 fps and lOt fps were required.

While dual slot blowing on the retreating side of the rotor - - .

does not limit the thrust capability, it does inciease the corn- .

pressor power which in cruise is almost all of the total power,
A comparison of the two configurations shows that the total
power for the alternate blowing scherne is approximately half 2-
the total power for the dual blowing scheme (Figure 20). The
additional power for a collective angle of -4 degrees is included. 0•' O ALTERNATE BLOWING

The total power is substantially more for 0c = -4' than for 0 0 0 DUAL BLOWING0c 0; but analysis of the data showed that the total power r0 -2" S.. .

for 0; = 00 and -2' were about the same. This suggests that AS= 'MODEL 7
the rotor cruise efficiency is not very sensitive to collective ac-O
pitch angle around zero degrees. The lifting system efficiency 

. -

is presented in Figure 21 and shows that the model performs
very well in cruise. The curves are loci of points indicating the "best efficiency that was obtained with the model rotor. The

data are not for optimum configurations but merely indicate
the performance of the rotor in cruise. One of the limitations VT - 10o FPSI V. - 50 FPS
in running the cruise data was tile tendency of tile rotor to
autorotate at relatively low blowing rates. W hen this happened, _ _ _ _ _ _ _. -_ _._ _'.'.'-_

rotor rpm could not be held but would rapidly increase, at 0 1 2 3 4

which time data taking had to be suspended. Figure 22 ADVANCE RATIO,.
presents the rotor thrust coefficient at which autorotation
begins (shaft power is zero) for advance ratios of I to 4. Figure 21 - Lift System Efficiency in Cruise

12
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for the CCR Tcchnology Demonstrator," Paper 902, 31st9
National Annual Forum of the American Helicopter

SUMMARY Society, Wash., D.C., May 1975.

The RB-CCR model has demonstrated that it is a viable 5. "Design Study of a Flight Wor fry Circulation Control
high speed concept that merits further development. Any high Rotor System."- Kaman Aerospace Corporation Report
speed rotor concept must have a low level of parasite drag in R-1036-2, Contract N00019-73-C-34'29, Jul 1974.
order to achieve acceptable aerodynamic efficiency in the
cruise mode. Assuming such a reduction is feasible with the 6. "Design Study of a Helicopter with a Circulation Control
RB-CCR, the overall cruise efficiency will be quite high relative Rotor (ccR), " Lockheed Report LR264 17, Contract
to today's helicopters. The RB-CCR model has demonstrated N00019-73-C-0435, May 1974
both the lift and trim capability needed to reduce rpm and
transition to a high advance ratio cruise condition. Additional 7. Williams, RXM, "Application of Circulation C'ontro! Rotor
performiance gains may be realized by going to shaft angles Technology to a Stopped Rotor Aircraft Design," Presented
other than zero. There is an immediate need to obtain data at at the First European Rotorcraft and Powered Lift Aircraft
shaft angles otlier than zero before a shaft angle can be chosen Forum, Southampton, England, 22-24 Sep 1975.
for minimum power requirements.

8. Ottensoser, J., "Two-Dimensional Subsonic Evaluation of
The RB-CCR is not constrained to high solidity to go thru a 15-Percent Thick Circulation Control Airfoil with Slots

transition since blade loading can be raised by high section Ce's at Both Leading and Trailing Edges," NSRDC Rpt 4456,
which are characteristic of CC airfoils. Preliminary analyses Jul 1974.
show that relatively large sweep angles on the order of 45
dcgrees are not detrimental to augmentation and maximum lift 9. Williams, R.M., "Recent Developments In Aerodynamics of
coefficient of CC airfoils. Increased performance can be obtain- Rotary Wings," AGARD-CPP-l II, Marseilles, France, 13-I15

*ed by properly programming the control pressure signal. Sep 1972.

The testing constraints placed on the model RB-CCR rotor 10. Montana, P.S., "Experimental Investigation of Three Rotor
at high advance ratio substaniially limited its performance Hub Fairing Shapes, " NSRDC, ASED Report 333, May
envelope. The model showed very strong tip speed effects, 1972.
primarily Reynolus number phernomena, which are consistent
with trends found in testing previous CCR models. The hover 11. Reader, K.R., "Control System for a Reverse Blowing
performance was coi~sidered to be very good fo this (untwisted) Circulation Control Rotor (RB-CCR) Wind Tunnel Model,"-'
rotor. The adverse effect of' the open leading edge slot might NSRDC Rpt 76-0062, Apr 1976.
be countered in a full scale design with a flexible slot lip.

In summary the RB-CCR model has validated the high
* speed circulation control concept. It has shown good perfor-
* mance in hover, very good thrust and trim capability in trensi-

tion and has demonstrated high lifting system efficiency in
cruise.
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